GABAergic Inhibition Regulates Developmental Synapse Elimination in the Cerebellum  by Nakayama, Hisako et al.
Neuron
ArticleGABAergic Inhibition Regulates Developmental
Synapse Elimination in the Cerebellum
Hisako Nakayama,1,2,3 Taisuke Miyazaki,4 Kazuo Kitamura,1,2,5 Kouichi Hashimoto,1,2,3,5 Yuchio Yanagawa,6
Kunihiko Obata,7 Kenji Sakimura,8 Masahiko Watanabe,4 and Masanobu Kano1,2,*
1Department of Neurophysiology, Graduate School of Medicine, University of Tokyo, Tokyo 113-0033, Japan
2Department of Cellular Neuroscience, Graduate School of Medicine, Osaka University, Suita 565-0871, Japan
3Department of Neurophysiology, Graduate School of Biomedical Sciences, Hiroshima University, Hiroshima 734-8551, Japan
4Department of Anatomy, Hokkaido University Graduate School of Medicine, Sapporo 060-8638, Japan
5PRESTO, Japan Science and Technology Agency, Saitama 332-0012, Japan
6Department of Genetic and Behavioral Neuroscience, Gunma University Graduate School of Medicine, Maebashi 371-8511, Japan
7Obata Research Unit, RIKEN Brain Science Institute, Wako 351-0198, Japan
8Department of Cellular Neurobiology, Brain Research Institute, Niigata University, Niigata 951-8585, Japan
*Correspondence: mkano-tky@m.u-tokyo.ac.jp
DOI 10.1016/j.neuron.2012.02.032SUMMARY
Functional neural circuit formation during develop-
ment involves massive elimination of redundant
synapses. In the cerebellum, one-to-one connection
from excitatory climbing fiber (CF) to Purkinje cell
(PC) is established by elimination of early-formed
surplus CFs. This process depends on glutamatergic
excitatory inputs, but contribution of GABAergic
transmission remains unclear. Here, we demonstrate
impaired CF synapse elimination in mouse models
with diminished GABAergic transmission by muta-
tion of a single allele for the GABA synthesizing
enzyme GAD67, by conditional deletion of GAD67
fromPCs andGABAergic interneurons or by pharma-
cological inhibition of cerebellar GAD activity. The
impaired CF synapse elimination was rescued by
enhancing GABAA receptor sensitivity in the cere-
bellumby locally applied diazepam.Our electrophys-
iological and Ca2+ imaging data suggest that GABAA
receptor-mediated inhibition onto the PC soma from
molecular layer interneurons influences CF-induced
Ca2+ transients in the soma and regulates CF
synapse elimination from postnatal day 10 (P10) to
around P16.
INTRODUCTION
Precise formation of neural circuits during development is
a prerequisite for proper functions of the CNS. In the mammalian
CNS, initially formed diverse and redundant projections are
refined to attain more precise patterns of connectivity. During
this process, supernumerary connections are eliminated while
functionally important connections are strengthened in activity-
dependent manners (Katz and Shatz, 1996; Lichtman and
Colman, 2000; Purves and Lichtman, 1980; Shatz, 1990).
Synapses between the afferent climbing fibers (CFs) and the384 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.target Purkinje cells (PCs) in the rodent cerebellum provide an
excellent model to study cellular and molecular mechanisms
underlying developmental refinement of synaptic connections
(Crepel, 1982; Hashimoto and Kano, 2005; Kano andHashimoto,
2009; Lohof et al., 1996). CFs originate from the inferior olive of
the medulla and make strong excitatory synapses onto proximal
dendrites of PCs (Ito, 1984; Palay and Chan-Palay, 1974). PCs
are innervated by multiple CFs (multiple-innervation) in early
postnatal days. Then, elimination of supernumerary CFs occurs
and most PCs become innervated by single CFs (monoinnerva-
tion) by the end of the third postnatal week (Hashimoto and
Kano, 2005; Kano and Hashimoto, 2009; Watanabe and
Kano, 2011). Analysis of several animal models have shown
that normal synapse formation on PCs from parallel fibers
(PFs), the other excitatory inputs to PCs, is required for elimina-
tion of surplus CFs (Hashimoto et al., 2009b). Studies using
genetically engineered mice have revealed that activation of
type 1 metabotropic glutamate receptor (mGluR1) at PF-PC
synapses and subsequent protein kinase Cg (PKCg) signaling
cascades within PCs is essential for CF synapse elimination
(Hashimoto et al., 2001; Ichise et al., 2000; Kano et al., 1995,
1997, 1998; Offermanns et al., 1997). This cascade is considered
to be activated through mossy fiber (MF)-granule cell (GC)-PF
pathway involving NMDA receptors at MF-GC synapses
(Kakizawa et al., 2000).
Although the importance of glutamatergic inputs to PCs for CF
synapse elimination has been established, possible contribution
of GABAergic inputs remains unclear. As GABAergic inhibition
plays pivotal roles in critical period plasticity in the visual cortex
(Hensch et al., 1998; Iwai et al., 2003), we examined whether
GABAergic transmission contributes to developmental CF
synapse elimination in the cerebellum. As a mouse model of
diminished GABAergic transmission, we used the heterozygous
GAD67-GFP (Dneo) knockin (GAD67+/GFP) mouse that has
a deletion of a single allele of a GABA synthesizing enzyme,
GAD67 (Tamamaki et al., 2003). The GAD67+/GFP mice has
been reported to show significant reduction in the brain GAD67
protein level (Wang et al., 2009) and the forebrain GABA content
(Tamamaki et al., 2003). We also analyzed a conditional
knockout mouse with selective deletion of GAD67 from PCs
Figure 1. Diminished GABAA Receptor-Mediated Inhibition in PCs of
GAD67+/GFP Mice in the Second Postnatal Week
(A) Specimen records of mIPSC recorded in PCs of control (left) and
GAD67+/GFP (right) mice at P6, P9, and P20 at holding potential (Vh) of70 mV
with symmetrical Cl concentration in the presence of 1 mMTTX, 10 mMNBQX
and 5 mM R-CPP. Scale bars, 250 ms and 100 pA.
(B and C) Summary bar graphs showing the average mIPSC amplitude (B) and
frequency (C) during postnatal development. *p < 0.05, ***p < 0.001.
(D–G) Specimen records showing spontaneous firing of PCs from control mice
at P4 (D) and P10 (E) and fromGAD67+/GFPmice at P6 (F) and P12 (G). Records
before (left), during (middle), and after (right) ionophoretic application of
muscimol are shown. All traces were obtained with the cell-attached config-
uration from the PC soma. Scale bars, 250 ms and 10 pA (for D and F), 20 pA
(for G; upper panels in E), or 35 pA (for lower panels in E).
(H) Summary graph for the effect of muscimol on PC’s firing rate at P4–P6, P7–
P9, P10–P12 and P13–P15. PCs were classified into ‘‘inhibited’’ or ‘‘excited’’
when muscimol caused change in their firing rates more than 5% of the
baseline. Numbers of tested PCs are shown in parentheses for (B), (C), and (H).
Error bars in (B) and (C) represent ±SEM. See also Figure S1.
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GABAergic Regulation of Synapse EliminationandGABAergic interneurons in themolecular layer. Furthermore,
we examined the effects of chronic local application of the GAD
inhibitor 3-mercaptopropionic acid (3-MP) into the cerebellum of
control mice or the GABAA receptor sensitizer diazepam to the
GAD67+/GFP cerebellum. The results from our electrophysiolog-
ical and morphological analyses strongly suggest that proper
strength of GABAA receptor-mediated inhibition onto the PC
soma frommolecular layer interneurons is crucial for CF synapse
elimination from postnatal day 10 (P10) to around P16. Our
results also suggest that the somatic inhibition influences the
size of CF-induced Ca2+ transients and regulate Ca2+-depen-dent processes for the elimination of redundant CF inputs on
the soma.
RESULTS
GABAergic Transmission during the Second Postnatal
Week Is Attenuated in GAD67+/GFP Mice
To examine whether GABAergic transmission is reduced in the
cerebellum of GAD67+/GFP mice, we recorded miniature inhibi-
tory postsynaptic currents (mIPSCs) from PCs. In control mice,
the amplitude ofmIPSCs changed during the first three postnatal
weeks (Figures 1A and 1B), reaching maximum at P7–P9 and
decreasing gradually thereafter. In GAD67+/GFP mice, there
was only a modest change in the amplitude of mIPSCs during
postnatal development (Figures 1A and 1B). Consequently, the
amplitude of mIPSCs in GAD67+/GFP PCs was significantly
smaller than that of control mice at P7–P9 (control: 183 ±
20.2 pA, n = 11; GAD67+/GFP: 91 ± 10.2 pA, n = 11; p < 0.001),
P10–P12 (control: 130 ± 15.7 pA, n = 13; GAD67+/GFP: 86 ±
4.5 pA, n = 11; p = 0.022), and P13–P15 (control: 111 ± 17.6 pA,
n = 7; GAD67+/GFP: 60 ± 5.1 pA, n = 7; p = 0.017) (Figure 1B). In
contrast, the frequency of mIPSCs was not different between
the two mouse strains except at P10–P12 when the frequency
was significantly higher in GAD67+/GFP PCs (control: 5.2 ±
0.5 Hz, n = 13; GAD67+/GFP: 8.9 ± 0.9 Hz, n = 11; p = 0.002)
(Figure 1C).
Since GABAergic signaling has been reported to regulate
interneuron’s axonal branching and synapse formation in the
visual cortex (Chattopadhyaya et al., 2007), we examined
whetherGABAergic synapse formation is affected inGAD67+/GFP
mice. We measured the density of GABAergic terminals on
the soma and dendrite of PCs by double immunofluorescence
confocal microscopic analysis for vesicular inhibitory amino
acid transporter (VIAAT) and the PC marker calbindin (see Fig-
ure S1 available online). We found no significant differences
between control and GAD67+/GFP mice at P10–P12 (Figure S1).
Therefore, the higher mIPSC frequency in GAD67+/GFP mice at
P10–P12 is considered to result from functional change rather
than increased density of GABAergic terminals.
It has been reported that GABA elicits depolarization and
induces Ca2+ transients in immature rat PCs (Eilers et al.,
2001). To examine whether GABA excites or inhibits PCs during
postnatal development inmice, wemonitored PC’s spontaneous
activity with the cell-attached configuration and assessed the
effect of ionophoretically applied muscimol, a GABAA receptor
agonist (Figures 1D–1G). In both strains of mice, muscimol
increased firing rate in about two-thirds of PCs at P4–P6 (Figures
1D, 1F, and 1H), and the proportion of PCs excited by muscimol
became smaller with age (Figure 1H). At P10 and thereafter,
muscimol decreased the firing rate in most PCs (Figures 1E,
1G, and 1H). The action of muscimol was abolished by bicucul-
line (10 mM) (Figure 1E), confirming that the changes in PC firing
rates resulted from GABAA receptor activation.
The analyses so far indicate that overall, GABAergic transmis-
sion is attenuated in GAD67+/GFP mice during the second post-
natal week and that GABA inhibits PC activity after P10 in both
control and GAD67+/GFP mice. Since CF synapse elimination is
known to proceed in this period (Hashimoto et al., 2009b;Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc. 385
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Figure 2. Persistent Multiple CF Innervation of PCs in Mature
GAD67+/GFP Mice
(A) (Left) Specimen records of CF-EPSCs in a control (P26) and a GAD67+/GFP
(P22) PC with gradually increasing stimulus intensities. Two to three traces
were superimposed at each threshold intensity. Vh = 10 mV. Scale bars,
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386 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.Kano and Hashimoto, 2009), we examined CF innervation of PCs
inGAD67+/GFPmice to clarify whether and howGABAergic trans-
mission contributes to CF synapse elimination.
Normal Morphology and Electrophysiology of PF-PC
Synapses
We first checked gross anatomy of the cerebellum, morphology
of PCs and PF-PC synaptogenesis (Figure S2). We found that
foliation and layer structure of the cerebellum (Figures S2A and
S2B), morphology of PC (Figures S2C–S2F), and morphology
and density of PF-PC synapse (Figures S2G–S2J) were normal
in GAD67+/GFP mice. We then examined basic electrophysiolog-
ical properties of PF-mediated EPSC (PF-EPSC). The 10%–90%
rise time (control: 1.08 ± 0.04 ms, n = 42; GAD67+/GFP: 0.99 ±
0.04 ms; n = 57, p = 0.142), the decay time constant (control:
6.01 ± 0.38 ms; GAD67+/GFP: 5.91 ± 0.28 ms; p = 0.985), and
stimulus-response curves of PF-EPSCs at P10-P13 (Figure S2K)
were similar between the two mouse strains.
These results indicate that PF-PC synapses possess normal
morphology and function in the GAD67+/GFP cerebellum. Normal
morphology of the cerebellum has also been shown in the cere-
bellum-specific GAD67 knockoutmice (Obata et al., 2008). Thus,
reduction of GAD67 activity does not cause severe changes in
the morphology and synaptic wiring of the cerebellum.
PCs in Mature GAD67+/GFP Mice Are Innervated
by Multiple CFs
We then analyzed CF innervation of PCs in mature GAD67+/GFP
mice at P21–P52. In slices prepared from control or GAD67+/GFP
mice, CFs were stimulated in the granular layer and evoked
responses in single PCs were recorded. In most PCs (93/114,
81.6%), large CF-EPSCs were elicited in an all-or-none fashion
as the stimulus intensity was gradually increased (Figure 2A,
upper left). By contrast, in 50.4% (61/121) of GAD67+/GFP PCs,
CF-EPSCs had two or three discrete steps (Figure 2A, lower
left). The frequency distribution histogram of PCs in terms of
the number of CF-EPSC steps (Figure 2A) shows significant
difference between control and GAD67+/GFP mice (p < 0.001).
In both control andGAD67+/GFPmice, each PCwas either mono-
innervated by a strong CF (termed ‘‘CF-mono’’) or multiply-inner-
vated by a strong CF (termed ‘‘CF-multi-S’’) plus one or two
weaker CFs (termed ‘‘CF-multi-W’’) (Hashimoto et al., 2009a;
Hashimoto and Kano, 2003). We compared the kinetics of CF-
EPSCs among the three groups of CFs and found no significant
difference in the amplitude, 10%–90% rise time, decay time
constant, or paired-pulse ratio between control and GAD67+/GFP
PCs (Table S1). These data indicate that basic synaptic function10ms and 500 pA. (Right) Summary histogram showing the number of discrete
CF-EPSC steps in PCs from control (,) and GAD67+/GFP (-) mice. Data from
10 control and 11 GAD67+/GFP mice at P21-P52. ***p < 0.001.
(B–H) Triple fluorescence labeling for calbindin (blue or ocher), anterogradely-
labeled CFs (red), and VGluT2 (green) in adult control (B–D) and GAD67+/GFP
(E–H) mice. Red and green arrows in F1, G1, and H1 indicate DTR-labeled/
VGluT2-positive and DTR-unlabeled/VGluT2-positive CF terminals, respec-
tively.
Scale bars, 20 mm for (B and E) and 10 mm for (C1, D1, F1, G1, andH1). See also
Figure S2 and Table S1.
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Figure 3. Impaired CF Synapse Elimination from P10 in GAD67+/GFP
Mice
(A–E) Specimen records of CF-EPSCs and summary histograms showing the
number of discrete CF-EPSC steps for control (,) and GAD67+/GFP (-) mice
at P5-P6 (A, from 3 control and 4 GAD67+/GFP mice), P7–P9 (B, from 4 control
and 5 GAD67+/GFPmice), P10–P12 (C, from 4 control and 4 GAD67+/GFPmice),
P13–P15 (D, from 4 control and 4GAD67+/GFPmice), and P16–P20 (E, 4 control
and 4 GAD67+/GFP mice). Vh = 70 mV (A) and 10 mV (B–E). Scale bars,
10 ms and 1 nA. **p < 0.01, ***p < 0.0001.
(F) Summary plots showing the disparity index (B, C) and disparity ratio
(,, -) in control (B, ,) and GAD67+/GFP (C, -) mice at P5–P9 (from
5 control and 8 GAD67+/GFPmice), P10–P14 (from 5 control and 5 GAD67+/GFP
mice), P15–P19 (from 3 control and 3 GAD67+/GFP mice), and P20–P52 (from
9 control and 12 GAD67+/GFP mice). Numbers of tested PCs are shown in
parentheses below the graph.
Error bars in (F) represent ±SEM. See also Figure S3.
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GABAergic Regulation of Synapse Eliminationmatures normally but elimination of redundant CFs is impaired in
GAD67+/GFP mice.
We then investigated innervation pattern of CFs morphologi-
cally by anterograde labeling of CFs with dextran Texas red
(DTR) (Figures 2B–2H, red) combined with immunofluorescence
for a PC marker, calbindin (Figures 2B–2H, blue or ocher),
and a CF terminal marker, vesicular glutamate transporter type
2 (VGluT2) (Figures 2B–2H, green). In both mice, DTR-labeled
CFs precisely followed the PC’s proximal dendrites and climbed
up to the four-fifths of the molecular layer (Figures 2B and 2E). In
control mice, terminals of DTR-labeled CFs were completely
overlapped with VGluT2 immunoreactivity throughout dendritic
arbors of each PC, indicating predominant mono-innervation
patterns. At PC somata of control mice, VGluT2-positive termi-
nals were rarely observed (Figures 2C and 2D), reflecting
dendritic translocation of CFs during development. In contrast,
PC somata of GAD67+/GFP mice were often associated with
DTR-labeled/VGluT2-positive terminals and DTR-unlabeled/
VGluT2-positive terminals (red and green arrows in Figures 2F1
and 2G1, respectively). In some cases, proximal shaft dendrites
were innervated by the two types of CF terminals (red and green
arrows in Figure 2H1). These results indicate that reduction of
GAD67 leads to incomplete pruning of surplus CFs, resulting in
multiple innervation of PCs by CFs.
CF Synapse Elimination after P10 Is Impaired
in GAD67+/GFP Mice
To examine at which stage of postnatal development the impair-
ment occurs in GAD67+/GFP mice, we followed developmental
course of CF innervation from P5 to P20. At P5–P6, just before
the onset of CF synapse elimination, all PCs were innervated
by four or more CFs in control and GAD67+/GFP mice (Figure 3A)
with no significant difference in the frequency distribution of PCs
as to the number of CF-EPSC steps (p = 0.635; Figure 3A). At
P7–P9, the frequency distribution histograms of PCs were signif-
icantly shifted toward smaller numbers from those at P5–P6, but
no statistical significance was observed between the two mouse
strains (p = 0.292; Figure 3B). At P10–P12, while nearly 70% of
PCs were innervated by one or two CFs in control mice, 60%
of PCs remained innervated by more than three CFs in
GAD67+/GFP mice. Control PCs were innervated by significantly
fewer CFs than GAD67+/GFP PCs (p = 0.006; Figure 3C).
At P13–P15 and P16–P20, the difference became even larger
(p < 0.001). The proportion of PCs innervated by single CFs
increased to about 70% in control mice, whereas nearly 70%
of PCs remained innervated by multiple CFs in GAD67+/GFP
mice (Figures 3D and 3E).
To test whether functional differentiation into ‘‘strong’’ and
‘‘weak’’ CFs proceeds normally in GAD67+/GFP mice, we calcu-
lated the disparity index and disparity ratio (Hashimoto and
Kano, 2003). The disparity index is the degree of variation of
the EPSC amplitude caused by each CF, whereas the disparity
ratio reflects the average of the inverse proportion of the stron-
gest CF-EPSC amplitude to each of the other weaker CF-EPSCs
(Hashimoto and Kano, 2003). We found that the disparity
index and disparity ratio were identical between control and
GAD67+/GFP mice throughout postnatal development and in
adulthood (Figure 3F). Taken together, these results indicateNeuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc. 387
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Figure 4. The GAD Inhibitor Applied to the Cerebellum of Control Mice from P10 but Not from P17 Impairs CF Synapse Elimination
(A) Specimen records of mIPSCs in PCs in slices incubated in normal ACSF without 3-MP (() 3-MP) and with 3-MP (0.1 mM, (+) 3-MP).
(B and C) Summary bar graphs showing the effects of 3-MP on the average mIPSC amplitude (B) and frequency (C) of PCs ((+) 3-MP: n = 7; () 3-MP: n = 6) in
cerebellar slices from control mice at P10–P13. ***p < 0.001.
(D and E) Number of CFs innervating each PC in control mice that were implanted with vehicle (,)- or 3-MP (-)-containing Elvax into the cerebellum at P10 (D,
vehicle: from 4 mice; 3-MP: from 6 mice) or P17 (E, vehicle: from 5 mice; 3-MP: from 5 mice). **p < 0.01. Cerebellar slices were prepared at P22-P36 for
electrophysiological examination.
All recordings were obtained from PCs in lobules 6, 7, and 8. Vh =70mV (A), and10mV (D and E). Scale bars, 250ms and 100 pA (A), 10 ms and 500 pA (D and
E). Error bars in (B) and (C) represent ±SEM. See also Figure S4 and Table S2.
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GABAergic Regulation of Synapse Eliminationthat initial CF synapse formation, functional differentiation and
maturation of CF synapses, and elimination of surplus CFs until
P9 are normal, whereas CF synapse elimination after P10 is
specifically impaired, in GAD67+/GFP mice.
The late phase of CF synapse elimination after P12 is known to
require mGluR1 and its downstream signaling (Ichise et al., 2000;
Kano et al., 1995, 1997, 1998; Offermanns et al., 1997), which is
driven by neural activity along MF-GC-PF pathway involving
NMDA receptors at MF-GC synapses (Kakizawa et al., 2000).
GluD2 (or glutamate receptor d2) and CaV2.1, a pore forming
component of P/Q-type voltage-dependent Ca2+ channel
(VDCC), are also known to be crucial for CF synapse elimination
(Hashimoto et al., 2001, 2011; Ichikawa et al., 2002; Miyazaki
et al., 2004). We therefore examined the expressions of these
molecules by immunohistochemistry and found that they were
expressed normally in GAD67+/GFP cerebellum (Figures S3A–
S3R). Furthermore, we confirmed that synaptically evoked
mGluR1 signaling in PCs (Figure S3S), NMDA receptor-mediated
EPSC at MF-GC synapse (Figure S3T), and contribution of P/Q-
type VDCC to depolarization-induced Ca2+ transients in PCs
(Figure S3U) were normal in GAD67+/GFP cerebellum. Therefore,
the impaired CF synapse elimination in GAD67+/GFP mice is not
likely to result from altered mGluR1 signaling, reduced GluD2
expression, altered CaV2.1 function or reduced NMDAR-medi-
ated GC activation.
Critical Period for CF Synapse Elimination Sensitive
to GAD67 Activity in the Cerebellum
Since GAD67 expression is reduced throughout the brain of the
GAD67+/GFP mice, it is possible that the impaired CF synapse
elimination might result from reduction of GAD in brain regions388 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.other than the cerebellum. Therefore, we examined whether
chronic local application of the GAD inhibitor 3-MP into the cere-
bellum of control mice causes impairment of CF synapse
elimination. First, we checked whether 3-MP application affects
GABAergic synaptic transmission in cerebellar slices. We
recorded mIPSCs from PCs in cerebellar slices from control
mice (P10–P13) that had been pre-incubated in ACSF with or
without 0.1 mM 3-MP ((+) 3-MP and () 3-MP) for 3–5 hr at
room temperature (Figures 4A–4C). The mean amplitude of
mIPSCs was significantly smaller in PCs from (+) 3-MP slices
than those from () 3-MP slices ((+) 3-MP: 54 ± 1.0 pA, n = 7;
() 3-MP: 130 ± 17.4 pA, n = 6, p < 0.001) (Figures 4A and 4B).
The mean frequency was identical between the two groups ((+)
3-MP: 4.1 ± 1.0 Hz, n = 7; () 3-MP: 6.0 ± 1.0 Hz, n = 6,
p = 0.181) (Figure 4C). These results demonstrate that the
3-5 hr of 3-MP treatment significantly attenuated GABAergic
transmission in PCs.
We then examined the effects of chronic local application
of 3-MP into the developing mouse cerebellum in vivo. We
implanted a small piece of ethylene-vinyl acetate copolymer
(Elvax) containing 3-MP or vehicle on the surface of the cere-
bellar vermis (lobules 6–8) at P10 as described previously
(Kakizawa et al., 2000, 2003, 2005). When CF innervation was
tested within the lobules 6–8 at P23–P40, 80% of PCs (45/56)
in vehicle-treated mice were innervated by single CFs (Fig-
ure 4D). By marked contrast, 48% of PCs (30/62) from 3-MP-
treated mice were multiply-innervated by two or three CFs
(Figure 4D) with significant difference in the frequency distribu-
tion (p = 0.002) (Figure 4D). Basic synaptic properties of CF-
EPSCs were identical between the 3-MP- and vehicle-treated
mice (Table S2). These results indicate that suppression of
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Figure 5. Local Application of Diazepam to the Cerebellum Promotes CF Synapse Elimination in GAD67+/GFP Mice
(A) Sample traces from a GAD67+/GFP PC in normal ACSF (Ctrl), in the presence of 0.5 mM diazepam (DZ), and subsequent application of 10 mM flumazenil
(DZ+Flu).
(B and C) Summary bar graphs showing the percent change in mean mIPSC amplitude (B) and frequency (C) induced by the indicated drugs (n = 8). Cerebellar
slices were prepared from GAD67+/GFP mice at P10–P14. ***p < 0.001.
(D and E) Number of CFs innervating each PC in GAD67+/GFP mice that were implanted with vehicle (-)- or diazepam (gray box)-containing Elvax into the
cerebellum at P10 (D, vehicle, from 4 mice; diazepam, from 5 mice) or P17 (E, vehicle, from 4 mice; diazepam, from 3 mice). *p < 0.05. Cerebellar slices were
prepared at P22–P31 for electrophysiological examination. All recordings were obtained from PCs in lobules 6, 7, and 8. Vh =70 mV (A), and10 mV (D and E).
Scale bars, 250 ms and 100 pA (A), 10 ms and 500 pA (D and E). Error bars in (B) and (C) represent ±SEM. See also Table S2.
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GABAergic Regulation of Synapse EliminationGADactivity in the cerebellum starting at P10 effectively perturbs
CF synapse elimination presumably by weakening GABAergic
transmission.
Next, we studied whether there is a critical period for the GAD-
sensitive CF synapse elimination. We implanted Elvax containing
3-MP or vehicle to the cerebellar lobules 6–8 at P17. As shown in
Figure 4E, the frequency distribution histograms were similar
between the vehicle- and 3-MP-treated mice (p = 0.725). No
difference was observed in CF-EPSC kinetics or paired-pulse
ratio between the two experimental groups (Table S2). These
results suggest that the critical period for the GAD-sensitive CF
synapse elimination is around P10 to P16.
3-MP inhibits not only GAD67 but also the other GAD isoform
GAD65, and both were expressed in the mouse cerebellum
during the second postnatal week (Figures S4A–S4L). To test
the contribution of GAD65 to CF-synapse elimination, we
analyzed GAD65 knockout (GAD65 KO) mice (Asada et al.,
1996). GAD65 KO mice have been reported to maintain normal
levels of GAD67 and GABA in the brain (Asada et al., 1996).
We found both the amplitude and frequency of mIPSCs were
normal in GAD65 KO PCs (Figures S4M–S4O). In mature stage,
there was no significant difference between wild-type and
GAD65 KO mice in terms of the number of CFs innervating
each PC (p = 0.406) (Figure S4P), indicating that CF synapse
elimination is normal in GAD65 KO mice. These data indicate
that the effects of 3-MP on mIPSCs and CF synapse elimination
are attributable to the inhibition of GAD67.
Enhanced GABAergic Transmission by Diazepam
Rescues Impairment of CF Synapse Elimination
in GAD67+/GFP Mice
Next, we examined whether pharmacological enhancement
of GABAergic inhibition by diazepam, a benzodiazepine-siteagonist, facilitates CF synapse elimination in GAD67+/GFP mice.
We assayed the effects of diazepam on mIPSCs in cerebellar
slices from GAD67+/GFP mice at P10–P14 (Figures 5A–5C).
Diazepam significantly enhanced the amplitude of mIPSCs
which returned to the control level by subsequent application of
flumazenil, a benzodiazepine-site antagonist (Ctrl: 66 ± 2.3 pA;
DZ: 88 ± 3.3 pA; DZ+Flu: 62 ± 2.1 pA, n = 8; p < 0.001, Ctrl versus
DZ; p = 0.152, Ctrl versus DZ+Flu; one-way RMANOVA) (Figures
5A and 5B). In contrast, diazepam had no significant effects on
the frequency of mIPSCs (Ctrl: 11.8 ± 1.99 Hz; DZ: 12.8 ±
2.4 Hz; DZ+Flu: 11.9 ± 2.1 Hz, n = 8; p = 0.139; one-way RM
ANOVA) (Figures 5A and 5C).
We then examined whether the impaired CF synapse elimina-
tion in GAD67+/GFP mice is rescued by chronic application of
diazepam. Elvax containing 0.5 mMdiazepam or vehicle was im-
planted to the cerebellum of GAD67+/GFP mice at P10. Then, CF
innervation was examined at P22–P31. In 49% of PCs (22/45)
from vehicle-treated mice, CF-EPSCs with two or three discrete
steps were elicited (Figure 5D) as in untreated GAD67+/GFP mice
(Figure 2A). By marked contrast, large CF-EPSCs with single
steps were elicited in 77% of PCs (50/65) in diazepam-
treated GAD67+/GFP mice (Figure 5D). Summary data show
significant difference in the frequency distribution of PCs
between the two groups (p = 0.011) (Figure 5D). Basic properties
of CF-EPSCs were similar (Table S2), indicating that kinetics of
CF-EPSCs was not altered by diazepam. When the diazepam
application was started at P17, many PCs remained innervated
by multiple CFs at P22–P31 (Figure 5E) with no significant differ-
ence between the diazepam- and vehicle-treated groups (p =
0.164). Taken together, these results strongly suggest that
GABAergic inhibitory tone from P10 to P16 within the cerebellum
is an important factor that regulates developmental CF synapse
elimination.Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc. 389
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Figure 6. Impaired CF Synapse Elimination in Conditional GAD67
Knockout Mice
(A–C) Sample traces of mIPSCs in PCs (A) and summary bar graphs for
the average mIPSC amplitude (B) and frequency (C) for PC/SC/BC-
GAD67(+/+),PC/SC/BC-GAD67(+/), and PC/SC/BC-GAD67(/) mice.
Vh = 70 mV. Scale bars are 500 ms and 100 pA. Numbers of tested PCs are
shown in parentheses. **p < 0.01, ***p < 0.001.
(D) Sample traces of CF-EPSPs and summary histograms for the number
of CFs innervating each PC in PC/SC/BC-GAD67(+/+) (,), PC/SC/BC-
GAD67(+/) (gray box), and PC/SC/BC-GAD67(/) (-) mice. Data were
obtained from 6 (+/+) mice, 5 (+/) mice, and 4 (/) mice at P30–P60.
Statistical analysis was performed by Kruskall-Wallis test with Steel-Dwass
multiple comparison post hoc test. **p < 0.01, ***p < 0.001. Vh = 10 mV.
Scale bars, 5 ms and 1 nA. Error bars in (B) and (C) represent ±SEM. See also
Figure S5 and Table S3.
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GABAergic Regulation of Synapse EliminationStrength of GABAergic Transmission onto PCs
Is a Crucial Factor for CF Synapse Elimination
Next, we investigated which type of GABAergic synapses in the
cerebellum is crucial for CF synapse elimination. We first evalu-
ated GABAergic transmission onto GCs. Spontaneous IPSCs
(sIPSCs) were recorded in control and GAD67+/GFP GCs at
P10–P13. Neither the amplitude (control: 50 ± 4.3 pA, n = 20;390 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.GAD67+/GFP: 40 ± 3.7 pA, n = 12; p = 0.138) nor the frequency
(control: 2.2 ± 0.4 Hz, n = 20; GAD67+/GFP: 1.5 ± 0.2 Hz,
n = 12; p = 0.179) of sIPSC was different between control and
GAD67+/GFP GCs, indicating that GABAergic transmission onto
GCs is not altered in GAD67+/GFP mice during the GAD67-sensi-
tive period of CF synapse elimination.
To narrow down the candidate GABAergic synapses respon-
sible for CF synapse elimination, we generated conditional
GAD67 knockout mice by intercrossing GAD67 floxed mice
(Obata et al., 2008) with a D2CreN line (GluD2+/Cre) whose Cre
gene was driven under the control of the GluD2 promotor
(Hashimoto et al., 2011; Yamasaki et al., 2011). Although
GluD2 was previously thought to be a PC specific molecule,
a recent study has demonstrated a low level of GluD2 expression
in molecular layer interneurons (Yamasaki et al., 2011).
Accordingly, in the D2CreN mice, Cre gene is expressed in not
only PCs but also SCs and BCs, but is undetectable in other
cell types (Yamasaki et al., 2011). Thus, in our conditional
GAD67 KO mice, GAD67 was deleted from PCs, SCs and BCs
(Figure S5), which we termed PC/SC/BC-GAD67 (/) mice.
At P10–P12, there was a GAD67 gene dosage-dependent
reduction of the amplitude of mIPSCs (+/+: 119 ± 10.5 pA,
n = 8; +/: 63 ± 3.8 pA, n = 11; /: 33 ± 1.4 pA, n = 9;
p < 0.001 +/+ versus +/, and p < 0.001 +/+ versus /, one
way ANOVA) (Figures 6A and 6B). In contrast, no significant
difference was found in the frequency of mIPSCs among the
three mouse lines (+/+: 8.8 ± 1.2 Hz, n = 8; +/: 10.5 ± 1.1 Hz,
n = 11; /: 6.5 ± 1.3 Hz, n = 9, p = 0.074, one way ANOVA)
(Figures 6A and 6C).
Then, we examined CF innervations of PCs in adult animals
(Figure 6D). We found that significantly higher percentage of
PCs were innervated by multiple CFs in PC/SC/BC-GAD67
(+/) mice and PC/SC/BC-GAD67 (/) mice than in PC/SC/
BC-GAD67 (+/+) mice (p = 0.005 and p < 0.001, respectively)
(Figure 6D). There was no difference in the kinetics of CF-EPSCs
among the three mouse lines (Table S3). These results suggest
that strength of GABAergic transmission onto PCs from molec-
ular layer interneurons and/or neighboring PCs is a crucial factor
for CF synapse elimination.
GABAergic Inhibition from Putative BC to PC
Is Diminished in GAD67+/GFP Mice
As the mean amplitude of mIPSCs of GAD67+/GFP mice was
smaller than that of control mice (Figure 1B), we further scruti-
nized the kinetics of mIPSCs in PCs at P10–P12 (Figures
7A–7D). We noticed that mIPSCs with large amplitudes ap-
peared much less frequently in GAD67+/GFP mice than in control
mice (Figures 7A and 7B). When mIPSCs were classified into
two categories (small and large) at the amplitude of 100 pA, the
mean amplitude of large events in GAD67+/GFP mice was
significantly smaller than that of control mice (control: 257 ±
20.1 pA, n = 13; GAD67+/GFP: 197 ± 6.7 pA, n = 11, p = 0.006)
(Figure 7C). In contrast, the mean amplitudes of small events
were not different (control: 42 ± 6.8 pA, n = 13; GAD67+/GFP:
40 ± 5.0 pA, n = 11, p = 0.493) (Figure 7C), indicating that
specific attenuation of large events was the cause of the reduc-
tion in the amplitude of all events (control: 130 ± 15.7 pA, n = 13;
GAD67+/GFP: 86 ± 4.5 pA, n = 11, p = 0.022).
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Figure 7. GABAergic Transmission onto the PC
Soma from Putative BCs Is Attenuated in
GAD67+/GFP Mice
(A and B) Frequency distributions of mIPSCs during
a 4 min recording period in a control (A) and a GAD67+/GFP
(B) PC. Insets are representative mIPSC traces.
Vh = 70 mV. Scale bars, 500 ms and 100 pA.
(C) Bar graphs showing the average amplitudes of mIPSCs
for all, small (<100 pA), and large (>100 pA) events in
control and GAD67+/GFP mice. *p < 0.05, **p < 0.01.
(D) Cumulative fractions of the rise times of large
(black line) and small (gray line) mIPSCs in control and
GAD67+/GFP mice. One hundred large and one hundred
small events were randomly sampled from the same PCs
as used for the analysis in (A) to (C). Data were obtained
from P10–P12 mice. ***p < 0.001.
(E) Unitary IPSCs from a putative BC to a PC in control and
GAD67+/GFP mice. Putative BCs (lower traces) were acti-
vated by depolarizing current injection and uIPSCs were
recorded from synaptically connected PCs (upper traces).
Thirty responseswere superimposed (gray thin traces) and
the averaged trace was shown with black thick lines. Vh =
70 mV. Scale bars, 5 ms and 200 pA (for upper traces) or
500 pA (for lower traces).
(F) Average amplitude of uIPSCs in control and
GAD67+/GFP mice. Data were obtained from P10–P13
mice. *p < 0.05.
Error bars in (C) and (F) represent ±SEM. See also Fig-
ure S6.
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GABAergic Regulation of Synapse EliminationWe then measured the rise times of large and small events to
estimate the sites of their origins along the somatodendritic
domain of PCs, since mIPSCs arising from synapses distant
from the somatic recording site undergo stronger distortion
and have longer rise times than those arising from the soma
(Hashimoto et al., 2009a; Roth and Ha¨usser, 2001). We found
that, in both control and GAD67+/GFP mice, about 80% of large
events had rise times shorter than 1.5 ms, while less than 40%
of small events did so (p < 0.001, Kolmogorov-Smirnov test;
Figure 7D). Moreover, local application of bicuculline (50 mM) to
the PC soma selectively suppressed large mIPSCs without
affecting small mIPSCs (Figure S6). These results indicate that
large mIPSCs originate from GABAergic synapses formed on
the PC soma.
BCs and SCs are known to form GABAergic synapses on the
soma and the dendrite of PCs, respectively (Ito, 1984), whereas
PC-PC recurrent synapses are formed on the PC soma (Orduz
and Llano, 2007; Watt et al., 2009). Therefore, BC-PC synapses
and PC-PC recurrent synapses are the candidates for the origin
of large mIPSCs that are attenuated in GAD67+/GFP mice. The
amplitude of unitary IPSCs (uIPSCs) at PC-PC recurrent
synapses has been shown to be less than 100 pA in mice, being
90 pA at P4–P14 (Watt et al., 2009) and 60 pA at P15–P19
(Orduz and Llano, 2007). Considering that a uIPSC is composed
of multiple mIPSCs, these results indicate that mIPSCs origi-
nating from PC-PC recurrent collaterals must be smaller than
100 pA. Since the amplitude of large mIPSCs is 250 pA in
control mice (Figure 7C), it is unlikely that the large mIPSCs are
caused by PC-PC recurrent collaterals. Thus, large mIPSCsare considered to arise from synapses from molecular layer
interneurons (presumably BCs) to PCs. This argument is consis-
tent with the previous reports that multiple synaptic vesicles are
synchronously released from BC terminals facing PC somata,
which results in large-amplitude mIPSCs (sometimes ranging
to 1 nA) in developing rat cerebellum (Conti et al., 2004; Llano
et al., 2000).
To directly examine whether GABAergic transmission is atten-
uated at putative BC to PC synapses in GAD67+/GFP mice, we
made paired whole-cell recordings from a putative BC and
a PC in control and GAD67+/GFP mice at P10–P13. We found
that the amplitude of uIPSCs in GAD67+/GFP mice was signifi-
cantly smaller than that of control mice (control: 1.05 ± 0.14
nA, n = 14; GAD67+/GFP: 0.58 ± 0.12 nA, n = 15; p = 0.019)
(Figures 7E and 7F). The rise time (control: 1.3 ± 0.14 ms, n =
14; GAD67+/GFP: 1.4 ± 0.11 ms, n = 15; p = 0.526), decay time
constant (control: 5.0 ± 0.33 ms, n = 14; GAD67+/GFP: 5.7 ±
0.29 ms, n = 15; p = 0.140), and paired-pulse ratio (control:
0.80 ± 0.02, n = 14; GAD67+/GFP: 0.77 ± 0.03, n = 15, p =
0.461) of uIPSCs were not different. These results strongly
suggest that GABAergic transmission at putative BC to PC
synapses is attenuated in GAD67+/GFP mice.
CF-Induced Ca2+ Transients in the PC Soma Are Larger
in GAD67+/GFP Mice
Finally, we investigated howdiminishedGABAergic transmission
can affect CF synapse elimination in GAD67+/GFP mice. In the
standard ACSF without GABAergic blockers, we recorded CF-
induced EPSPs and Ca2+ transients simultaneously from theNeuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc. 391
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Figure 8. Ca2+ Transients in the PC Soma by Acti-
vation of Weak CFs Are Larger in GAD67+/GFP
Mice than in Control Mice
(A) Representative PC images of a control (upper) and
a GAD67+/GFP (lower) mouse. Areas indicated by red
and green dotted lines represent ROIs for somatic and
dendritic Ca2+ transients, respectively. Scale bars, 20 mm.
(B) EPSPs and Ca2+ transients recorded in the soma
and dendrite of multiply-innervated PCs in response to
stimulation of a weak or a strong CF in a control and
a GAD67+/GFP mouse. Scale bars, 20 mV and 10 ms for
EPSPs, 2% (for soma) or 10% (for dendrite) and 1 s for
Ca2+ transients.
(C and D) Average magnitudes of Ca2+ transients from the
PC soma (C) and dendrites (D) by stimulating a weak (CF-
multi-W) or a strong (CF-multi-S) CF. Ca2+ transients for
1.5 s from the onset were integrated. For the data in (C),
statistical analysis was performed by Kruskall-Wallis
test with Steel-Dwass multiple comparison post hoc test.
*p < 0.05, **p < 0.01, ***p < 0.001.
(E) Traces show somatic Ca2+ transients elicited by acti-
vation of weak CF in GAD67+/GFP PCs before () and after
(+) bath application of diazepam (DZ, 1 mM). Data from
each cell was plotted in the lower graph. *p < 0.05. Scale
bars, 2% and 1 s. Error bars in (C) and (D) represent ±SEM.
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GABAergic Regulation of Synapse Eliminationsoma of PC that was multiply innervated by a single ‘‘strong’’ CF
(CF-multi-S) and one or two ‘‘weak’’ CFs (CF-multi-W) (Figures
8A and 8B). EPSPs elicited by activation of CF-multi-W were
often too small to generate action potentials and to induce
detectable Ca2+ transients in PCs. Therefore, we focused on
CF-multi-W that could induce EPSPs large enough to elicit
action potentials and CF-multi-S that inevitably elicits typical
complex spikes. Stimulation of such CF-multi-W induced Ca2+
transients in the PC soma but did not elicit measurable Ca2+
elevation in PC dendrites (Figure 8B), which is consistent with
the fact that CF-multi-W does not undergo dendritic transloca-
tion but stays on the PC soma (Hashimoto et al., 2009a; Hashi-
moto and Kano, 2003). Integration of Ca2+ transients (for 1.5 s
from the onset) in the PC soma by stimulating CF-multi-W
were significantly larger in GAD67+/GFP mice than in control
mice (control: 1.52 ± 0.16, n = 9; GAD67+/GFP: 3.74 ± 0.52, n =
18; p = 0.017) (Figures 8B and 8C). While somatic Ca2+ transients
elicited by CF-multi-W was significantly smaller than those by
CF-multi-S in control mice (CF-multi-W: 1.52 ± 0.16, n = 9; CF-
multi-S: 4.15 ± 0.48, n = 13; p = 0.002) (Figures 8B and 8C), there
was no significant difference in Ca2+ transients between CF-
multi-W and CF-multi-S in GAD67+/GFP mice (CF-multi-W:
3.74 ± 0.52, n = 18; CF-multi-S: 5.59 ± 0.90, n = 16; p = 0.255)
(Figures 8B and 8C). These results indicate that, in GAD67+/GFP
mice, CF-multi-W can elicit Ca2+ transients in the PC soma
comparable to those induced by CF-multi-S. In contrast to CF-
multi-W, stimulation of CF-multi-S induced large Ca2+ transients
in PC dendrites, but the magnitudes were not different between
control and GAD67+/GFP mice (control: 16.8 ± 2.48, n = 12;392 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.GAD67+/GFP: 19.6 ± 6.30, n = 14; p = 0.487)
(Figures 8B and 8D). Importantly, bath applica-
tion of diazepam (1 mM) significantly reduced
the somatic Ca2+ transients by CF-multi-W inGAD67+/GFP mice (n = 8, p = 0.014) (Figure 8E) to the same level
as those in control mice without diazepam (GAD67+/GFP with
diazepam: 2.18 ± 0.39, n = 8; control without diazepam: 1.52 ±
0.16, n = 9; p = 0.127). Thus, diazepam eliminated the difference
in the magnitude of somatic Ca2+ transients by CF-multi-W
between the two mouse strains, which is considered to be
a major cause of the diazepam-induced rescue of the impaired
CF synapse elimination in GAD67+/GFP mice (Figure 5). These
results indicate that diminished inhibition to the PC soma permits
CF-multi-W to induce much larger somatic Ca2+ transients in
GAD67+/GFP mice than in control mice. The somatic Ca2+ tran-
sients in GAD67+/GFP mice might be large enough to counteract
developmental synapse elimination that otherwise prunes CF-
multi-W during the second postnatal week (Hashimoto et al.,
2009a). Since Ca2+ signals induced by direct depolarization of
PCs were almost abolished by the P/Q-type VDCC blocker in
both strains of mice (Figure S3U), it is highly likely that Ca2+ tran-
sients by activating CF-multi-W or CF-multi-S are mediated
mostly by P/Q-type VDCC. Thus, control of P/Q-type VDCC
activity and resultant Ca2+ transients by GABAergic inhibition
appears to be crucial for CF synapse elimination from P10
to P16.
DISCUSSION
GABAA Receptor-Mediated Inhibition Contributes
to CF Synapse Elimination
Besides the well-established role as a major inhibitory trans-
mitter in the mature brain, GABA has been implicated in multiple
Neuron
GABAergic Regulation of Synapse Eliminationaspects of neural development (Owens and Kriegstein, 2002).
Here, we have demonstrated that GABA, as an inhibitory
transmitter, regulates developmental synapse elimination in
the cerebellum. In GAD67+/GFP mice, GABAergic transmission
onto PCs was attenuated during the second postnatal week
and CF synapse elimination was impaired after P10. Chronic
local infusion of the GAD inhibitor 3-MP into the cerebellum
of control mice impaired CF synapse elimination from P10 to
P16. Conversely, enhancing GABAA receptor sensitivity by
diazepam applied into the cerebellum of GAD67+/GFP mice
from P10 to P16 restored CF synapse elimination. In contrast
to GAD67+/GFP mice, CF synapse elimination was normal in
GAD65 KO mice. These results indicate that GAD67 plays domi-
nant roles in GABAergic transmission in developing cerebellum
and that GABAA receptor-mediated inhibition within the cere-
bellum is an important factor for CF synapse elimination during
P10–P16.
By combining several experimental approaches, we localized
GABAergic synapses responsible for CF synapse elimination.
We found that GABAergic transmission diminished in a gene
dosage-dependent manner and CF synapse elimination was
impaired in PC/SC/BC-GAD67 (+/) mice and PC/SC/BC-
GAD67 (/) mice. In control mice, large mIPSCs with fast rise
times, which sometimes reached 700–800 pA (under symmet-
rical Cl concentration and Vh = 70 mV), were frequently
observed during the second postnatal week. In GAD67+/GFP
PCs, mIPSCs with fast rise times and large amplitudes were
weakened, whereas those of slow rise times and small ampli-
tudes were unchanged. The fast and large mIPSCs were sensi-
tive to bicuculline applied locally to the PC soma, indicating
that they arose from GABAergic synapses on the soma. Basket
cell axons and PC recurrent collaterals are the candidates for the
origin of the fast and large mIPSCs, because they are known to
form GABAergic synapses on the PC soma. However, since the
amplitudes of uIPSCs at PC-PC synapses are reported to be
small in amplitude (less than 100 pA) (Orduz and Llano, 2007;
Watt et al., 2009), it is unlikely that the fast and large mIPSCs
are caused by PC-PC recurrent collaterals. In contrast, we
showed that uIPSCs from putative BCs to PCs were as large
as 1 nA in control mice and the uIPSCs were significantly smaller
in GAD67+/GFPmice than in control mice. Thus, we conclude that
GABAergic transmission at putative BC to PC synapses is mark-
edly attenuated in GAD67+/GFP mice. Similar attenuation of
GABAergic transmission may also occur at PC-PC recurrent
connections in GAD67+/GFP mice, but the attenuation, even if
present, cannot be detected by the analysis of mIPSCs because
of the small amplitude ofmIPSCs at PC-PC synapses.Moreover,
whereas PC-PC recurrent connections are widely present during
the first postnatal week, they are rarely found in the second post-
natal week and become almost absent in the third postnatal
week (Orduz and Llano, 2007; Watt et al., 2009). Therefore,
because of the small IPSC amplitude and sparse connectivity,
the attenuation of PC-PC GABAergic transmission should
have minor impact, if any, on CF synapse elimination during
the second and third postnatal weeks. Thus, we conclude that
the major cause of the impaired CF synapse elimination in
GAD67+/GFP mice from P10 is the attenuation of GABAergic
transmission at putative BC to PC synapses.Possible Mechanisms for the Regulation of CF Synapse
Elimination by GABAergic Inhibition
There are four distinct phases in the progress from multiple to
mono CF innervation during postnatal development: (1) func-
tional differentiation of multiple CF inputs to a single ‘‘winner’’
CF and ‘‘loser’’ CFs in each PC (P3 to P7), (2) dendritic transloca-
tion of the single ‘‘winner’’ CF (from P9), (3) early phase of CF
elimination (P7 to P11), and (4) late phase of CF elimination
(P12 to P17) (Hashimoto et al., 2009b; Kano and Hashimoto,
2009; Watanabe and Kano, 2011). In GAD67+/GFP mice, func-
tional differentiation occurred normally but CF elimination was
impaired from P10 to P16, indicating that part of the early phase
and the entire late phase of CF elimination is dependent on
GABAergic inhibition.
We checked the expressions and functions of several mole-
cules that are known to be required for CF synapse elimination.
We found that mGluR1 and its downstream signaling molecules
were expressed normally in PCs, and mGluR1 signaling in PCs
assessed by IP3 receptor-mediated Ca
2+ release following
repetitive PF stimulation was normal in GAD67+/GFP mice.
Expression of GluN2C in GCs and NMDA receptor-mediated
EPSCs at MF-GC synapses were also normal. Furthermore, ex-
pressions of GluD2 and CaV2.1 were not altered in GAD67
+/GFP
mice. These results indicate that the impaired CF synapse elim-
ination in GAD67+/GFP mice is not due to altered mGluR1
signaling, reduced GluD2 expression, altered CaV2.1 expression
or reduced NMDAR-mediated GC activation.
In developing cerebellum, GABAergic synapses appear on the
PC soma at P7, and then massively increase in number on the
soma and axon initial segment of PCs (Altman, 1972; Ichikawa
et al., 2011; Sotelo, 2008). Somatic inhibition from BC axons
becomes strong during the second and third postnatal weeks,
which correspond to the period when CF synapse elimination
was impaired in GAD67+/GFP mice. We demonstrated that Ca2+
transients in the PC soma evoked by stimulation of a weak CF
was significantly larger in GAD67+/GFP mice than in control
mice at P10–P13, which suggests that GABAergic inhibition
regulates Ca2+-dependent mechanisms underlying elimination
of CF synapses from the PC soma. Our previous studies on
global and PC-selective P/Q-type VDCC knockout mice show
that Ca2+ entry through this VDCC into PCs is crucial for func-
tional differentiation of multiple CF inputs, dendritic translocation
of the single ‘‘winner’’ CF, and the early phase of CF elimination
(Hashimoto et al., 2011; Miyazaki et al., 2004). Moreover, in P/Q-
type VDCC knockout mice, multiple CFs are equally strength-
ened during the first postnatal week. Therefore, one important
role of P/Q-type VDCCwould be to potentiate the already strong
CF and to depress the already weak CFs in each PC. The stron-
gest CF may produce a ‘‘punishment signal’’ that depresses the
weaker CF inputs (which can only generate small Ca2+ tran-
sients) but avoids the strongest CF input itself (which generates
large Ca2+ transients). In control mice, GABAergic inhibition onto
the PC soma becomes strong in the second postnatal week,
which may prevent weak CFs to induce large Ca2+ transients in
the PC soma. Consequently, weak CFs may be affected by the
punishment signal and become even weaker andmay eventually
be disconnected from the PC soma. However, when GABAergic
inhibition onto the PC soma is diminished such as in GAD67+/GFPNeuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc. 393
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soma that are sufficient to avoid the punishment signal and to
support the survival of their synapses around the PC soma.
P/Q-type VDCC is considered to mediate most of the Ca2+ tran-
sients by CF activation and to play an important role in elimina-
tion of redundant somatic synapses originating from weak CFs.
It has been shown that LTP and/or LTD occur at CF-PC
synapses in a Ca2+-dependent manner (Bosman et al., 2008;
Hansel and Linden, 2000; Ohtsuki and Hirano, 2008).
GABAergic inhibition may determine the inducibility of LTP/
LTD at CF-PC synapses by regulating depolarization-induced
Ca2+ entry into PCs as suggested from an in vivo analysis of
LTD at PF-PC synapses (Ekerot and Kano, 1985). Alternatively,
molecules that bridge pre- and postsynaptic membranes such
as cell adhesion molecules may be influenced by changes in
Ca2+ influx into PCs. It is also possible that some molecules
that are produced and released from PCs in a Ca2+-dependent
manner may retrogradely support or eliminate CF synapses. It
is likely that the balance between CF-induced excitation and
GABAergic inhibition is a crucial factor, which may determine
the Ca2+ levels in the PC soma and regulate the expression of
signalingmolecules related to elimination of weak CFs, as shown
in the ocular dominance plasticity during the critical period of the
visual cortex (Hensch, 2005).
EXPERIMENTAL PROCEDURES
Animals
Experiments were conducted according to the guidelines of the animal
welfare committees of the University of Tokyo, Osaka University, Hokkaido
University, and Niigata University. We used heterozygous GAD67-GFP
(Dneo) knockin mice in which enhanced-GFP is selectively expressed under
the control of the endogenous GAD67 gene promoter (Tamamaki et al.,
2003). Both heterozygous (GAD67+/GFP) and control (GAD67+/+) mice utilized
were of C57BL/6 genetic background. We generated conditional GAD67 KO
mice by intercrossing GAD67 floxed mice (Obata et al., 2008) with a D2CreN
line (GluD2+/Cre) whose Cre gene was driven under the control of the GluD2
promotor (Yamasaki et al., 2011).
Electrophysiology and Ca2+ Imaging
Mice were decapitated following CO2 anesthesia, and brains were rapidly
removed and placed in chilled normal ACSF (0–4C) containing (in mM) 125
NaCl, 2.5 KCl, 2 CaCl2, 1 MgSO4, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose,
bubbled with 95% O2 and 5% CO2 (pH 7.4). Parasagittal cerebellar slices
(250 mm in thickness) were prepared by using a vibratome slicer (VT-1200S,
Leica, Germany) as described (Aiba et al., 1994; Kano et al., 1995). Whole-
cell recordings were made from visually identified PCs using an upright micro-
scope (BX51WI or BX50WI, Olympus, Japan) at 32C. For measuring Ca2+
transients elicited by CF stimulation, PCs were filled with Oregon Green 488
BAPTA1 from the patch pipette. Fluorescence images were acquired by using
a high-speed confocal laser scanning microscope (CSU22, Yokogawa,
Japan), as described (Tanimura et al., 2009). Other details are described in
Supplemental Experimental Procedures.
Morphological Analysis of CF Inervation
Under anesthesia with chloral hydrate (350 mg/kg of body weight, i.p.), a glass
pipette filled with 2–3 ml of 10% solution of DTR (3,000 molecular weight;
Invitrogen, Carlsbad, CA) in PBS (pH 7.4) was inserted stereotaxically to the
inferior olive. The tracer was injected by air pressure at 10 psi with 5 s intervals
for 1 min. After 4 days of survival, mice were fixed by transcardial perfusion
with 4% paraformaldehyde in 0.1 M PB, and parasagittal cerebellar sections
(50 mm in thickness) were cut. The DTR-labeled sections were incubated over-
night with a mixture of goat calbindin antibody and guinea pig type II VGluT2394 Neuron 74, 384–396, April 26, 2012 ª2012 Elsevier Inc.antibody (Miyazaki et al., 2003) followed by 2 hr incubation with a mixture of
Alexa 488- (Invitrogen) and Cy5-labeled species-specific secondary anti-
bodies. Images of triple labeling were taken with confocal laser-scanning
microscope (FV1000, Olympus). Procedures for immunohistochemistry are
described in Supplemental Experimental Procedures.
Preparation and Implantation of Elvax
To inhibit GAD activity or enhance GABAA receptor sensitivity to GABA in the
cerebellum, we applied 3-MP or diazepam, respectively, by continuous infu-
sion from Elvax implants prepared as described (Kakizawa et al., 2000,
2003, 2005). For the implantation of an Elvax piece, mice at P10 or P17 were
anesthetized with isoflurane, the skin over the cerebellum was cut, and the
occipital bone and the dura over the cerebellar lobules 6–8 was removed. A
small piece of Elvax containing drugs or vehicle was placed on the cerebellar
surface and then the skin was sutured. Effects of chronic infusion of 3-MP or
diazepamwere examined electrophysiologically at P23–P40 within the lobules
6–8.
Statistics
Throughout the text and figures, data are presented as means ± SEM. Statis-
tical significance was assessed by Student’s t test or Mann-Whitney U test (for
comparison of two independent samples), two-tailed paired-t test or Wilcox-
on’s signed-rank test (for paired comparison of the same sample), depending
on whether the data sets pass the normality test and equal variance test,
unless otherwise mentioned in the text. For comparison of frequency distribu-
tions, Mann-Whitney U test was used. Statistical analysis was conducted with
Sigma Stat 3.1 program. p value was described as p < 0.001 when the actual p
value was smaller than 0.001. Differences between data sets were judged to
be statistically significant if the p value was less than 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes six figures, three tables, and Supple-
mental Experimental Procedures and can be found with this article online at
doi:10.1016/j.neuron.2012.02.032.
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